Interfacial phonons between iron-based superconductors (FeSCs) and perovskite substrates have received considerable attention due to the possibility of enhancing preexisting superconductivity. Using scanning tunneling spectroscopy, we studied the correlation between superconductivity and e-ph interaction with interfacial phonons in an iron-based superconductor Sr 2 VO 3 FeAs (T c ≈ 33 K) made of alternating FeSC and oxide layers. The quasiparticle interference measurement over regions with systematically different average superconducting gaps due to the e-ph coupling locally modulated by O vacancies in the VO 2 layer, and supporting self-consistent momentum-dependent Eliashberg calculations provide a unique real-space evidence of the forward-scattering interfacial phonon contribution to the total superconducting pairing. DOI: 10.1103/PhysRevLett.119.107003 The discovery of high temperature superconductivity in monolayer iron-based superconductors (FeSC) on perovskite substrates [1] [2] [3] [4] [5] [6] [7] has attracted broad attention due to the possibility of achieving T c in the FeSCs comparable to the cuprate superconductors. Importantly, these interface systems suggest an entirely new mechanism for enhancing superconductivity, applicable to a broad range of layered superconducting heterostructures: forward-scattering interfacial phonons [2, 4, 6, 7] . This principle is evidenced by an angle-resolved photoemission spectroscopy (ARPES) study [2] , which revealed that the increased T c in FeSe=SrTiO 3 coincides with the appearance of the replica bands as the thickness of the FeSe layers is varied. Forward scattering by interfacial phonons is believed to produce these replicas, and this interaction has been proposed as a general means to enhance T c in heterostructures [6] . However, (i) a definitive example of this principle in a bulk heterostructure suitable for practical application and (ii) a direct real-space evidence of interfacial-phonon enhanced superconductivity are currently lacking.
The discovery of high temperature superconductivity in monolayer iron-based superconductors (FeSC) on perovskite substrates [1] [2] [3] [4] [5] [6] [7] has attracted broad attention due to the possibility of achieving T c in the FeSCs comparable to the cuprate superconductors. Importantly, these interface systems suggest an entirely new mechanism for enhancing superconductivity, applicable to a broad range of layered superconducting heterostructures: forward-scattering interfacial phonons [2, 4, 6, 7] . This principle is evidenced by an angle-resolved photoemission spectroscopy (ARPES) study [2] , which revealed that the increased T c in FeSe=SrTiO 3 coincides with the appearance of the replica bands as the thickness of the FeSe layers is varied. Forward scattering by interfacial phonons is believed to produce these replicas, and this interaction has been proposed as a general means to enhance T c in heterostructures [6] . However, (i) a definitive example of this principle in a bulk heterostructure suitable for practical application and (ii) a direct real-space evidence of interfacial-phonon enhanced superconductivity are currently lacking.
To solve these issues, a bulk heterostructure made of alternating FeSC monolayers and perovskite layers has been suggested [4, 6] . Interestingly, an iron-based superconductor Sr 2 VO 3 FeAs with highest T c ≈ 33 K among all the 21311 family [8] [9] [10] [11] has a structure nearly equivalent to the suggestions and, therefore, is a unique bulk candidate suitable for investigating the effect of interfacial phonons on superconductivity. Sr 2 VO 3 FeAs also exhibits selfdoping by interlayer charge transfer between the perovskite Sr 2 VO 3 layers and the FeAs layer [12] , and shows a preferred and reproducible symmetric cleavage at the SrO-SrO interface. These properties make it an ideal system for surface spectroscopic study using a real-space probe, i.e., scanning tunneling microscopy and spectroscopy (STM-STS). STM-STS has been used to map the spatial inhomogeneity of the superconducting gap in many unconventional superconductors, and the correlations between the gap and the locations of dopant atoms, magnetic vortices, or the supermodulation of lattices have been widely studied [13] [14] [15] [16] [17] [18] [19] .
In this Letter, we report quasiparticle interference (QPI) measurements on the bulk heterostructured superconductor Sr 2 VO 3 FeAs grown using the self-flux technique [10] . We observe both the filled and empty state replica bands in the QPI data, which is spectroscopic evidence of e-ph coupling with forward-scattering phonons. We notice various changes in the renormalized bands in regions with systematically different superconducting gaps due to locally varying e-ph coupling near particular defects. These would constitute a unique demonstration of enhancement of superconductivity by forward-scattering phonons in a bulk heterostructured Fe-based superconductor system where a peak-hump analysis is not allowed. Figure 1 (a) shows a SrO-terminated topograph with randomly oriented C 2 domains. These domains are attributed to surface reconstructions since all bulk measurements consistently reported no orthorhombic distortion from room temperature down to 4.6 K [9] [10] [11] . The temperature dependence of a typical dI=dV spectrum is shown as the inset of Fig. 1(c) . The normal state spectrum at T ¼ 140 K displays an asymmetric shape common to many FeSCs [20, 21] . At lower temperatures, we further observe the opening of a spectroscopic gap at T ∼ 30 K, which is evident in both the temperature dependent averaged spectra [ Fig. 1(d) ] and the QPI intensity [Figs. 2(c) and S2 in the Supplemental Material [22] ] near the Fermi level (E F ). Overall it is consistent with the T c observed in bulk magnetic susceptibility measurements [inset of Fig. 1(a) ]. The electron density plot obtained from band structure calculations integrated near the Fermi level shows that the electron tunneling of STM primarily probes the FeAs layer for bias voltages near E F and is thus sensitive to the bulk FeAs bands [22] . We therefore ascribe the gap near E F to the bulk superconducting gap. We also observe an additional temperature dependent peak around −18 meV and the finite zero-bias dI=dV not often found in other FeSCs with simpler structures [35] [36] [37] [38] . At this time their origins are not clear; however, they are not significant in reaching the main conclusion of this Letter. At least they are virtually independent of the topmost SrO layer surface reconstruction (see the Supplemental Material [22] , Sec. X, Refs. [39, 40] ). The −18 meV peak may be related to (i) the holelike β band located below the α band [resulting in blue dashed curve in Fig. 2(c) with m Ã ≈ 4.2m e ], (ii) spindensity-wave (SDW) gap edges associated with the Fe magnetic order experimentally observed in 75 As NMR experiment below 45 K [10, 20] , and/or (iii) many body effects related to doping the strongly correlated V-derived Hubbard bands [22] .
To image the renormalized band structure for both filled and empty states with sufficiently high resolution suitable for mask-based QPI analysis, we performed spectroscopic imaging STM (SI-STM) measurements with higher spatial and energy resolutions than typically required: Fig. 2 (c) shows a Fourier-transformed (q-space) image of QPI based on a ð300 nmÞ 2 , 512 × 512 pixel dI=dV map taken over an energy range [−40 meV, þ40 meV] with 201 energy layers. There we see a dominant parabolic band that crosses E F with a band minimum near −12 meV, consistent with the shallow electronlike Fe d xz =d yz -derived α band at the Γ point observed marginally by ARPES in Sr 2 VO 3 FeAs [41, 42] and clearly in other FeSC under certain doping conditions [43, 44] . From its intraband QPI dispersion (denoted α-α) in Fig. 2 (c), we extract a light effective mass m Ã ≈ 0.47m e , implying a large in-plane overlap of the Fe orbitals making up this band. The possibility that this band originates from the M electron pocket is ruled out because of its small pocket size and light effective mass compared with the M bands observed in ARPES [41] [42] [43] [44] . The superconducting gap observed in our dI=dV spectra is visible as reduced intensity at E F in the cross section of the α-α QPI dispersion [ Fig. 2(c) ]. The gap is also weakened by application of a magnetic field and suppressed at temperatures above the bulk T c [ Fig. S2 ], which show that it is related to bulk superconductivity and that the α band electrons participate in superconducting pairing.
The signatures of e-ph coupling are clear in the QPI data, as shown in Fig. 2(c) . For example, the filled-state portion of the α-α QPI dispersion has a replica band (α 00 -α 00 ) shifted down by about 14 meV (≈ phonon energy Ω ph ), which persists well above T c (see Fig. S2 in the Supplemental Material [22] ). This is reminiscent of the replica bands of the M electron pockets persisting well above T c in ARPES experiments on the FeSe=SrTiO 3 system [2, 7, 45, 46] . The empty-state portion of the α-α band also has a replica band (α 0 -α 0 ) shifted up by ∼Ω ph . Self-consistent high-order e-ph calculations [45] explain these replica features reasonably 
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To gain further insight into these replica features, we performed a local-density approximation (LDA) calculation of the phonon dispersion in Sr 2 VO 3 FeAs and calculated the e-ph coupling strength with a frozen phonon calculation [22] . The results show that the phonon mode responsible for the replica bands is the symmetric breathing c-axis optical mode sketched in Fig. 2(g) . It has an energy of 13.1 meV at the Γ point and its coupling is strongly forward focused with g ph ≈ 11 meV as shown in Figs. 2(f) , and S8(c) in Ref. [22] .
Using these estimates, we simulated the spectral function (SF), Aðk; ωÞ, based on self-consistent Migdal-Eliashberg theory and the QPI using self-consistent T-matrix formalism [45] . Figures 2(d) and 2(e) reproduce the calculated SF and QPI maps, respectively. In the weak coupling and perfect forward scattering limits, the e-ph interaction produces filled and empty states' replica bands at energies shifted by ∼ Ω ph ð1 þ λÞ with spectral weight proportional to ∼λ, where λ ≡ g 2 ph =Ω 2 ph is the dimensionless coupling constant [7, 22] . The empty state dispersion of the original band shifts down and the filled state dispersion of the original band shifts up by similar amounts proportional to ∼λ.
To reveal the correlations between the superconducting gap Δ and the e-ph coupling constant λ, we performed a mask-based QPI analysis taking advantage of the spatial inhomogeneity of the Δ map due to random distribution of particular defects, as shown in Figs. 1(b) and 4(b) . This novel analysis method is the only choice where the more conventional analysis [16] [17] [18] [19] of point-by-point correlation of the coherence peak and the bosonic satellite hump is prohibited due to the strong SDW-gap-edgelike features located near the hump energy (near AE18 meV). We first divide the field of view into two regions (denoted Δ þ and Δ − ) intertwined in coherence length scale based on the superconducting gap map. The Δ þ (Δ − ) region corresponds to the area with Δ larger (smaller) than the median gap value so that they are identical in area and their Fouriertransformed intensities can be directly compared. The QPI modulations in each of these regions are then independently Fourier transformed and plotted as a function of q and V, as shown in Figs. 3(a), 3(b) and S3-S6 [22] . This method allows us to systematically correlate the superconducting pairing strength Δ to various subtle features of the band renormalization that are dependent on e-ph coupling strength λ without introducing mask-dependent artifacts (Ref. [22] , Fig. S4 ).
To visualize the detailed changes in band renormalization associated with changes in λ possibly correlated with Δ, we show contour plots of QPI data corresponding to Δ þ and Δ − regions, as shown in Fig. 3(e) . The red (Δ þ ) and blue (Δ − ) contours clearly show the shifts of the original α-α band segments toward E F . The details of the trend are all consistent with band renormalization with increased λ [22] that are reproduced in self-consistent QPI simulations for two λ values, which reproduces the experimental data as shown in Figs. 3(c), 3(d) , and 3(f). The agreement, together with the conclusions from the next paragraph, provides atomic-scale spectroscopic evidence of an e-ph interaction positively correlated with the superconducting gap. The self-consistently calculated gap values (∼4 meV) are about half of the experimental gap values (∼7 meV) [22] , showing that a significant fraction of the total superconducting pairing comes out of e-ph coupling.
To explain the source of the gap inhomogeneity, we focused on the peanut-shaped C 2 defects that appear randomly scattered in the dI=dV image near −18 meV as shown in Fig. 4(a) . We do not observe any unitary in-gap bound states in the vicinity of this impurity as shown in the inset of Fig. 4(c) , which rules out defects in the FeAs plane [22, 35, 47, 48] . The only remaining possibility considering its C 2 symmetry is that it corresponds to a missing O ion in the VO 2 layer. Its correlation with the superconducting gap is significantly high as shown in Figs. 4(b) and 4(c) , considering the fact that e-ph interaction is only an additional pairing mechanism here and that we can only see half of all the O vacancies neighboring an FeAs layer (i.e., the O vacancies in the upper VO 2 layer above the topmost FeAs layer) due to the tunneling geometry. The dominant contribution to the Coulomb potential oscillation for the symmetric breathing phonon mode comes from the positively charged Sr ions closest to the FeAs plane, and all the ions in one perovskite layer on one side of FeAs layer are moving in phase for this mode. Therefore, the absence of a negatively charged O ion at each C 2 vacancy site would result in less cancellation of the Coulomb potential oscillation effect of the closest Sr ions, making the e-ph coupling significantly higher, i.e., about a 17% increase of λ based on the frozen phonon calculation (see Supplemental Material [22] , Sec. VII). The measured gap size increase of 0.2 meV in the presence of the O vacancies can be compared with the theoretically calculated upper limit of 0.33 meV based on the Eqs. (S7.7)-(S7.9). Furthermore, from the fact that in the higher Δ region the filled and empty state dispersions of the α band move towards the Fermi level as shown in Fig. 3 (e), rather than moving together downward as can be expected for electron doping, we can rule out the possibility of charge-transferinduced superconducting gap increase. We can also exclude the possibility that the replica bands could be due to tunneling into and out of virtual states coupled with real states via emission of the forward scattering phonons (see the Supplemental Material [22] , Sec. II). In summary, we performed QPI measurements on a bulk FeAs=oxide heterostructure superconductor Sr 2 VO 3 FeAs. We observed the filled and empty state replica bands in the QPI data as a spectroscopic evidence of forward-scattering phonons of energy Ω ph ≈ 13.1 meV corresponding to a symmetric breathing c-axis optical phonon mode. Using gap-map-based masked QPI analysis and self-consistent QPI calculations, we observed a number of subtle changes in the renormalized bands consistent with the positive correlation between the e-ph coupling and the superconducting gap in coherence length scale. The source of the gap inhomogeneity could be explained not by the charge doping effect but by a change in local e-ph coupling strength in the presence of O vacancies in the VO 2 layer for this phonon mode. Our results provide a unique demonstration of phonon-induced enhancement of unconventional superconductivity in a bulk heterostructure system comprised of FeAs=oxide layers.
